Abstract. Previous studies have indicated that an important subfamily of receptor tyrosine kinases, ephrins and their receptors, are important in pain signaling, particularly in spinal nociceptive processing. In the present study, the role of the ephrin/Eph signaling pathway was confirmed, and it was shown that this signaling was also involved in spinal nociceptive processing through the actions of calpain-1 and caspase-3. First, the ephrinB ligands, ephrinB1-Fc or ephrinB2-Fc, were introduced into experimental mice via intrathecal injection, and it was found that this injection induced marked time-and dose-dependent mechanical allodynia and thermal hyperalgesia, accompanied by increased levels of calpain-1 and caspase-3 in the spinal cord. MDL28170, an inhibitor of calpain-1, reversed the behavioral effects and ameliorated the increases in calpain-1 and caspase-3. Second, it was found that the administration of EphB1 between L5 and L6 in mice inhibited the mechanical allodynia and thermal hyperalgesia induced by chronic constrictive injury. In addition, to demonstrate the cell phenotypes responsible for the increased levels of calpain-1 and caspase-3 in the spinal cord following injection with ephrinB2-Fc, double immunofluorescent labeling was performed, which indicated that calpain-1 and caspase-3 were localized in neurons, but not in astrocytes or microglial cells. In conclusion, the present study suggested that ephrinB/EphB signaling contributes to spinal nociceptive processing via the actions of calpain-1 and caspase-3.
Introduction
Spinal nociceptive pain continues to be a serious clinical challenge. Despite having been evaluated in numerous studies, the underlying cellular and molecular mechanisms that control the induction and maintenance of spinal nociceptive pain remain to be fully elucidated (1, 2) . These mechanisms are reported to involve a combination of neural excitability and spinal synaptic plasticity, with unique characteristics (3, 4) . In addition, nerve injury elicits neuronal alterations, including the promotion of synapse formation during the development of pain (5) . The spinal cord is the main center of pain information transmission and integration. The central sensitization of spinal dorsal horn neurons is involved in the primary mechanism of spinal nociceptive pain, which is mainly manifested in the long-term potentiation (LTP) effect of synaptic transmission. LTP is one of two important forms of synaptic plasticity, and its role in pain is mainly achieved by synaptic morphological plasticity and functional plasticity. A previous study found that the synaptic membrane area, the post synaptic density, the number of synaptic vesicles, the synaptic gap, and the density of total synapses were increased significantly in rats suffering from neuropathic pain (6) . In addition, γ-aminobutyric acid and glutamate receptors are involved in the regulation of spinal nociceptive pain as essential inhibitory and excitatory receptors, respectively, in synapses (7) .
Several studies have shown that signal transduction have important in the development and progression of spinal nociceptive pain. Currently, the majority of investigations have focused on the role of signal transduction via receptor tyrosine kinases (RTKs). EphrinB and EphB receptors are the most important subfamily of RTKs in humans. Their activation depends on the close proximity (or adhesion) of cells, allowing the ligand to bind to the receptor and activate signal transduction. They are involved in numerous vital developmental processes and in the maintenance of pain by regulating revascularization, cell migration, axon guidance and synaptic plasticity (8, 9) . In addition, ephrinB/EphB are important in physical changes in the brain and peripheral tissues. Eph family members are numerous, and according to their sequence homology, distribution, and mutual affinity with the ligand, they are divided into two partially overlapping families, A and B. There are 10 EphA receptors (EphA1-EphA10), six EphB receptors (EphB1-EphB6) and three ephrinB ligands (ephrinB1-ephrinB3). Ephrin is a transmembrane protein with a transmembrane domain and a cytoplasmic domain. The cytoplasmic domain is highly conserved and contains five potential tyrosine phosphorylation sites, whereas the carboxy terminus forms a PDZ (discoid homology region) domain-binding motif. Eph receptors are also transmembrane proteins with extracellular (containing ligand-binding domains), transmembrane and intracellular domains, a cysteine-rich structure and two fibronectin repeats. The intracellular region has two membrane-proximal tyrosine residues, comprising the classical protein tyrosine kinase binding domain, the sterile α-motif domain, and the PDZ binding domain. Ephrin-A ligands typically bind specifically to the EphA receptor, and Ephrin-B ligands bind specifically to the EphB receptor; however, the EphA4 receptor has a ligand-binding domain with a broader specificity, which binds to the majority of ephrin-A, ephrin-B2 and ephrin-B3 ligands. EphrinB/EphB can regulate the activity of post-synaptic N-methyl-D-aspartate (NMDA) receptors by regulating the release of L/D-serine from astrocytes and regulating synaptic plasticity via glutamine-glutamate cycling. In addition, ephrinB/EphB can induce central sensitization and is involved in nociceptive information modulation by activating the downstream mitogen-activated protein kinase pathway and the Src family kinase (10) .
In addition to tryosine protein kinase (TPK)-dependent signal transduction, calpains are activated during the sensitization of nociceptive neurons through synaptic plasticity (11). Calpain-1, which belongs to the cysteine protease enzyme family, is a calcium-activated neutral protease. Central nervous system injury or disease can increase intracellular Ca 2+ concentrations, leading to excessive activation of calpains and scaffold proteins, membrane protein degradation (12) , mitochondrial permeability changes, or phosphorylation of calpastatin and calpain and other unknown pathways mediating central cell death or apoptosis (13, 14) . Differences have been observed in the time and location of calpain-1 following its activation; a cleaved caspase-3 protein fragment activated by calpain-1 and caspase-3 increased the activity of calpains in turn (15, 16) . A preliminary experiment showed that numerous caspases and calpains are present in pre-and post-synaptic compartments of neurons, and are important in modulating synaptic plasticity (17) . From the information mentioned above, it is clear that the ephrinB/EphB signaling pathway is vital in the development of nociceptive pain by regulating synaptic plasticity, and that the pathway formed by calpain-1 and caspase-3 also regulates synaptic plasticity and neural circuitry. However, whether the pathway formed by calpain-1 and caspase-3 is involved in processing ephrinB/EphB signaling pathway-induced nociceptive pain remains to be fully elucidated. Therefore, it was hypothesized in the present study that ephrinB/EphB signaling is involved in the processing of nociceptive pain via the actions of calpain-1 and caspase-3.
Materials and methods

Animals.
All experiments involved adult male Kunming mice (22-25 g ) and were approved by the Animal Experimental Center, Second Military Medical University (Shanghai, China; production license no. SCXK (hu)2012-0003). The mice were supplied by the Institutional Animal Care and Use Committees and handled in accordance with the regulations of the Ethics Committee of the International Association for the Study of Pain (https://www.iasp-pain.org) and experimental methods. The mice were housed in individual cages in a temperature-controlled (18-28˚C) room with alternating 12-h light/dark cycles. Food was withheld for 8 h prior the start of the experiments, and all animals had free access to water. Monitoring of health problems was performed three times each day and no deaths occurred during the experiments.
Surgical procedures
Drug injection model. A total of 164 mice were used in the experiments; 64 mice were injected with either ephrinB1-Fc or ephrinB2-Fc (0.1 and 0.5 µg). The saline injection group was used as a comparison group with the ephrinB injection groups to indicate the effect of ephrinB injection; the blank control group (control group) was used to verify that intrathecal injection of saline alone had no effect on the mice. A total of 72 mice were injected with MDL28170 (an inhibitor of calpain-1), and with the respective solvent as a control, with saline and ephrinB as a control, and dimethyl sulfoxide (DMSO) and MDL28170 as a control The method of injection was as described by Hylden and Wilcox (18) . Briefly, 10-µl trace syringes were used and inserted vertically between the L5 and L6 vertebrae of the experimental mice. If the tail of the mice exhibited a sudden slight swing, entry into the subarachnoid space had occurred. The volume of drug or contrast solvent was 5 µl, which were injected into the subarachnoid space over a 20 sec period, and the trace syringes were held in place for 10 sec, the total duration being 30 sec.
Chronic constrictive injury (CCI) model. Of the 164 mice as described above, 28 mice were used to establish the CCI model. The main protocol was described by Bennett and Xie (19) . Briefly, the mice were deeply anesthetized using sodium pentobarbital (45 mg/kg, intraperitoneally). The left sciatic nerve was exposed at the mid-thigh and a 4-0 silk thread was used to ligate it loosely in four regions at ~1-mm intervals. For the mice in the sham group, the nerve was exposed but no ligation or damage was induced.
Drugs. The ephrinB1-Fc (cat. no. 80106-R02H) chimera (EphB receptor activator), and EphB2-Fc (cat. no. 51367-M02H) chimera (EphB receptor-blocking reagent), were purchased from Sino Biological, Inc. (Beijing, China). The ephrinB2-Fc chimera was purchased from R&D Systems, Inc. (Minneapolis, MN, USA). Anti-calpain-1 antibody (cat. no. ab28258) was purchased from Abcam (Cambridge, UK). The caspase-3 rabbit monoclonal antibody was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The calpain-and cathepsin B-selective inhibitor, MDL28170, was purchased from Cene Operation (Ann Arbor, MI, USA). Each drug was dissolved in normal saline (NS); the dose and the time of treatment were based on the results of preliminary experiments.
Behavioral assessment. The measurement of mechanical allodynia was represented by the mechanical withdrawal threshold (MWT). The MWT was assessed using von Frey hairs according to the up-and-down method described by Chaplan et al (20) . Briefly, the mice were placed in individual plastic boxes (20x20x15 cm) on a metal mesh floor and allowed to acclimate for ~1 h prior to assessment. Beginning with 0.16 g and ending with 4.0 g, the von Frey filament was used to touch the plantar surface of the hind paw, which was held for 6-8 sec. In the event of the absence of paw withdrawal, the next higher stimulus was selected, whereas a weaker stimulus was applied in the opposite situation. This was repeated 10 times and the stimulation strength was determined as the average corresponding to a 50% response rate.
The measurement of thermal hyperalgesia was determined by the thermal withdrawal latency (TWL). The TWL was assessed as described by Hargreaves et al (21) . Briefly, the mice were placed in individual plastic boxes (7x9x11 cm) on a temperature-controlled glass floor and allowed to acclimate for 1 h prior to assessment. The radiant heat source was focused on a region of the hind paw and was moved away immediately when the mice lifted up or licked their hind paw. The stimulus was shut off automatically at 20 sec to prevent tissue damage. This was repeated four times for each hind paw at 5-min intervals, and the average was calculated as the paw TWL.
Immunohistochemistry. The mice were deeply anesthetized with sodium pentobarbital (65 mg/kg intraperitoneal injection) and perfused transcardially with 40 ml ice-cold phosphate-buffered saline (PBS) and 60 ml 4% paraformaldehyde (PFA). The spinal cord of each mouse was then exposed and the L4-5 vertebrae were removed; these samples were post-fixed in 4% PFA for 6 h and transferred into 30% sucrose in phosphate buffer overnight at 4˚C. Transverse series sections (15-µm) were cut on a cryostat and stored in phosphate buffer. Following washing in PBS, the tissue sections were incubated in PBS containing 5% normal goat serum (R&D Systems, Inc., Minneapolis, MN, USA) and 0.3% Triton X-100 at 37˚C for ~30 min. For the caspase-3 assay, the sections were incubated in primary polyclonal Rabbit-anti-caspase-3 antibody (cat. no. 5A1E; 1:1,500; Cell Signaling Technology, Inc.) at 4˚C overnight and then incubated in biotinylated Donkey-Anti-Rabbit antibody (594-conjugated; cat. no. 110781; 1:400; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at 37˚C for 1 h and avidin-biotin-peroxidase complex (cat. no. AK-5001; 1:100; Vector Laboratories, Inc., Burlingame, CA, USA) at room temperature for 2 h. Finally, the sections were treated with 0.05% diaminobenzidine for 10 min. The sections were rinsed in PBS, mounted on gelatin-coated slides, air-dried, dehydrated with alcohol, cleared with xylene, and cover-slipped for examination under an inverted fluorescent microscope (Carl Zeiss AG; Oberkochen, Germany). To analyze the expression of caspase-3, five L4-5 spinal cord sections were examined per animal, selecting the sections with the highest number of positive neurons. The average total number of positive neurons in the spinal cord was calculated.
Following perfusion, as described above, the spinal cord was exposed and the L4-5 vertebrae were removed and post-fixed in 4% PFA for 6 h; these samples were transferred to 30% sucrose in phosphate buffer for ~2 days. The spinal cord was removed from the sucrose, blocked in optimum cutting temperature compound, and incubated at -20˚C for ~20 min. The tissues were sectioned at a 16-µm thickness on a freezing microtome. All samples were incubated in blocking solution containing 1% bovine serum albumin, 5% donkey serum (both from Abcam), and 0.3% Triton X-100 at room temperature for 2 h. The sections were then incubated with the following primary antibodies at room temperature overnight: Rabbit-anti-caspase-3 antibody (cat. no. 5A1E; 1:100, Cell Signaling Technology, Inc.), Rabbit anti-calpain-1 antibody (cat. no. ab28258; 1:100, Abcam), Mouse anti-neuronal nuclei antigen (NeuN) antibody (cat. no. MAB377; 1:500, FITC-conjugated, Chemicon; EMD Millipore, Billerica, MA, USA), Goat anti-glial fibrillary acidic protein (GFAP) antibody (cat. no. sc-6170; 1:500, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and Goat anti-ionized calcium-binding adapter molecule 1 (IBA-1) antibody (cat. no. Ab5076; 1:200, Abcam). On the second day, the sections were washed four times with PBS, incubated with specific secondary antibodies for 2 h at room temperature, and washed again as described above. Corresponding to the above primary antibodies, the corresponding secondary antibody was selected from Donkey Anti-Rabbit antibody (594-conjugated; cat. no. 110781; 1:400; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), Goat Anti-Mouse (FITC-conjugated; cat. no. E031210-011:100; EarthOx LLC, Millbrae, CA, USA) and Donkey Anti-Goat (488-conjugated; cat. no. 109911; 1:400, Jackson ImmunoResearch Laboratories, Inc.). Finally, the sections were rinsed and mounted on a gelatin-coated slide. Images of the sections were captured using a fluorescence microscope connected to a charge-coupled device spot camera for separate or combined viewing of red, green, and blue fluorescence.
Western blot analysis. The mice were deeply anesthetized, and the L4-5 segments were rapidly removed and stored in liquid nitrogen or homogenized in lysis buffer at pH 7.4 containing a protease inhibitor cocktail. The homogenates were incubated for 30 min on ice, vortexed for 10 sec on the highest setting every 5 min, and then centrifuged at 13,000 x g, 4˚C for 15 min. This was repeated following collection of the supernatants, the second supernatants were collected and the protein concentration was measured using the Bradford method (22) . The samples were heated at 99˚C for 10 min to denature the proteins, then the equivalent amounts of proteins (30 µg) were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were incubated with rabbit anti-calpain-1 antibody (1:400) at 4˚C overnight. The membranes were washed with Tris-buffered saline containing Tween 20 (TBST) 4 times for 5 min each, incubated for 2 h with the secondary antibody (Donkey Anti-Rabbit antibody; 594-conjugated; cat. no. 110781; 1:4,000; Jackson ImmunoResearch Laboratories, Inc.) at room temperature and then washed with TBST 4 times for 5 min each. The proteins were detected using enhanced chemiluminescence western detection reagents. Western blot densitometry analysis was performed using Image J software version 1.8.0 (NIH, Bethesda, MD, USA).
Statistical analysis. All data in the present study are shown as the mean ± standard deviation. Statistical analysis between two groups was performed using Student's t-test, whereas more than two groups were analyzed using one-way analysis of variance (ANOVA) followed by a Tukey's post hoc test. Differences in mechanical allodynia and thermal hyperalgesia over time were assessed using two-way ANOVA with repeated measures. Statistical analyses of the data were generated using GraphPad Prism 5 (Graph Pad Software, Inc., San Diego, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
EphrinB/EphB signaling is involved in nociceptive pain and regulates time-and dose-dependent mechanical allodynia and thermal hyperalgesia. Intrathecally injected ephrinB activates their EphB receptors and produces long-lasting MWT and TWL (23, 24) . However, which subtype mainly mediating nociceptive pain remains to be elucidated. Therefore, for optimal results, the present study examined the possible roles of ephrinB1-Fc and ephrinB2-Fc using the experimental protocol shown in Fig. 1 . The mice were acclimated for 3 days prior to the experiment, followed by intrathecal injection. Behavioral assessments were performed 3 h prior to intrathecal injection, and 3, 6, 9, 12, 24, 48 h following intrathecal injection. From the results, it was found that the changes in MWT induced by intrathecal injection of ephrinB1-Fc (Fig. 1A) and the changes in MWT induced by intrathecal injection of ephrinB2-Fc (Fig. 1B) were essentially the same, with pain observed at 3 h post-injection, which lasted ~9-12 h to reach a peak and returning to a normal level at ~48 h. However, the change in TWL following ephrinB1-Fc injection (Fig. 1C ) was small and was sustained for less time compared with the TWL following ephrinB2-Fc injection (Fig. 1D) . Therefore, ephrinB2-Fc injection was used in subsequent experiments. As shown in the behavioral assessments following ephrinB2-Fc injection, regardless of the MWT (Fig. 1B) or TWL (Fig. 1D) , there were no differences between the control and saline group. Compared with the control and saline groups, the MWT and TWL were significantly decreased in the 0.1 and 0.5 µg ephrinB2-Fc injection group ( ** P<0.01), with 0.5 µg injection inducing larger decreases ( ## P<0.01 vs. 0.1 µg group). The role of EphB during the development of spinal nociceptive pain in CCI mice was then assessed using the experimental protocol shown in Fig. 2 . The mice were acclimated for 3 days prior to the experiment, CCI models were constructed and ephB2-Fc was intrathecally injection at 0.5 h post-surgery. Behavioral assessments were performed at 1, 3, 5, 7 and 14 days post-surgery. As revealed by the MWT (Fig. 2A) and TWL (Fig. 2B ), no differences were observed between the sham + saline group and sham + EphB2-Fc group; however, compared with the sham + saline group and sham + EphB2-Fc group, the CCI + saline group showed a distinct decrease ( decreased ( # P<0.05). Therefore, the intrathecal injection of ephrinB2-Fc resulted in time-and dose-dependent mechanical allodynia and thermal hyperalgesia in mice, and intrathecal injection of EphB2-Fc attenuated or reversed the pain in the CCI model mice.
Intrathecal injection of ephrinB2-Fc induces upregulated expression of calpain-1 and caspase-3.
To investigate whether the pathways of calpain-1 and caspase-3 were responsible for the observed results, the levels of calpain-1 and caspase-3 were examined during the processing of nociceptive pain by ephrinB2-Fc injection. To determine the appropriate time point in subsequent experiments, the level of calpain-1 following injection was detected. As demonstrated by western blot analysis (Fig. 3A) , the highest level of calpain-1 was detected at 3 h post-injection, which was selected as the time point for the subsequent experiments. At 3 h post-injection (Fig. 3B ) the levels of calpain-1 were similar among the control group, saline injection group and 0.1 µg ephrinB2-Fc injection group; however, compared with its levels in these three groups, the level of calpain-1 in the 0.5 µg ephrinB2-Fc injection group was significantly increased *** P<0.001). The immunohistochemistry showed that the level of caspase-3 was similar between the control and saline injection group (P>0.05), but was significantly increased in the ephrinB2-Fc 0.1 and 0.5 µg injection groups *** P<0.001; Fig. 3C ). Therefore, intrathecal injection of ephrinB2-Fc not only induced pain behavior in mice but also increased the levels of calpain-1 and caspase-3 in the spinal cord.
Inhibition of calpain-1 by MDL28170 reduces pain behaviors and decreases the level of caspase-3.
The present study evaluated the potential connection between calpain-1 and caspase-3, and the function of calpain-1 in the processing of nociceptive pain induced by ephrinB2-Fc injection. MDL28170 (1.0 µg), a selective inhibitor, was administered at 30 min prior to (pre-) or following (post-) ephrinB2-Fc injection. These two injection time points were selected to detect whether calpain-1 is involved in the generation or maintenance of spinal nociceptive pain. The behavioral assessment (Fig. 4A and B) showed that pre-injection with MDL28170 (1.0 µg) for 30 min prior to ephrinB2-Fc administration inhibited the ephrinB2-Fc-induced change in MWT and TWL ( ** P<0.01). Post-treatment with MDL28170 at 30 min following ephrinB2-Fc injection also inhibited the ephrinB2-Fc-induced change in MWT and TWL ( ** P<0.01; Fig. 4C and D) Compared with the ephrinB + DMSO group, the levels of calpain-1 (Fig. 5A ) and caspase-3 (Fig. 5B) in the spinal cord were decreased in the ephrinB2 + MDL28170 group, regardless of whether MDL28170 was added prior to or following treatment *** P<0.001 and ** P<0.01). Therefore, pre-or post-injection of MDL28170, an inhibitor of calpain-1, reduced the pain behaviors and decreased the activation of calpain-1 and caspase-3, as evidenced by their decreased protein levels.
Calpain-1 and caspase-3 are involved in nociceptive pain through neurons.
To determine the cell phenotypes responsible for the increased levels of calpain-1 and caspase-3 in the spinal cord following the administration of ephrinB2-Fc, double immunofluorescent labeling was performed. As shown in Fig. 6A and B, at 6 h post-ephrinB2-Fc injection, calpain-1 or caspase-3 colocalized with NeuN (a neuron marker), but not with GFAP (an astrocyte marker) or IBA-1 (a microglial cell marker) in the spinal cord. Images of complete spinal cord staining were captured, showing the contrast between the injection side (right side) and non-injection side (left side). As shown in Fig. 7 , the expression levels of calpain-1 and caspase-3 in the spinal cord following injection were increased significantly, compared with those in the non-injected side, and co-staining was observed, particularly in the spinal dorsal horn. These results showed that the levels of calpain-1 or caspase-3 increased in neurons following activation of the ephrinB2/EphB2 signaling pathway and neurons may be the targets in this process. 
Discussion
EphrinB ligands and their EphB receptors comprise the largest family of TPKs, which are vital in the regulation of spinal nociceptive information via several mechanisms. Battaglia et al found that ephrinB/EphB signaling contributed to spinal nociceptive pain by injecting ephrinB into mice (25) . EphrinB ligands and their EphB receptors can bind to NMDA receptors to exert a positive regulatory function, and nociceptive pain induced by ephrinB2-Fc injection is antagonized by the NMDA receptor antagonist MK801 (26, 27) . EphB receptors and ephrinB ligands are key regulators of the synaptic body. Intrathecal injection of ephrinB2-Fc can activate ephrin signaling, mainly due to the ephrinB2 ligand binding to its receptor. The activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor function can be achieved by inducing LTP; however, inhibiting the binding of glutamate receptor-interacting protein, an EphB and AMPA binding protein, can significantly inhibit the production of LTP. With the exception of AMPA receptors, ephrinB2 interacts with the metabotropic glutamate receptor, mGlu1, and with endogenous small interfering RNAs, which may be the method by which it regulates synaptic plasticity (28) . At the cellular level, ephrinB2 is involved in pain mainly via its expression in neuronal cells. By transducing external stimuli to the nucleus and then into cellular effector signaling pathways, two types of densely packed cell form a network and the confined protruding regulatory domains form a complete intercellular scar, separating astrocytes and fibroblasts from each other, which is detrimental to axonal regeneration (29) . In the present study, spinal nociceptive pain and hyperalgesia were found to be associated with ephrinB2/EphB2 signaling. Animal experiments confirmed that, compared with the normal and saline injection groups, the intrathecal injection of ephrinB1-Fc or ephrinB2-Fc significantly decreased the pain threshold of mechanical allodynia and thermal hyperalgesia in a time-and dose-dependent manner. The levels of calpain-1 were upregulated in spinal cord neurons, reaching the highest level 3 h following injection, but were reduced below background levels at 12 h. This result may be due to the pain-induced timeliness of the intrathecal injection of ephrinB2-Fc. From the behavioral assessments, it was In addition to receptor proteins, ephrinB/EphB signaling can activate numerous Ca2
+ -dependent signals (30) and is involved in nociceptive neuron sensitization (10, 31) . Following excitatory and ischemic insult, calpains can contribute to cytoskeleton remodeling by changing the shape of dendritic spines (32) and are involved in the structural plasticity of synapses. Calpain-1 and caspase-3 have several similar substrates, including cytoskeletal proteins, protein kinases and transcription factors (33) . Alterations in calpain levels can trigger the activation of caspase-3 (34, 35) . In ischemia and hypoxia, caspase-3 can be activated by calpain-1 to promote apoptosis, which alters the intracellular calcium concentration. A selective inhibitor of calpain-1, MDL28170, which can penetrate the blood-brain barrier rapidly and exert its activity by inhibiting brain cysteine protease activity following systemic administration (36, 37) , can also reduce neuronal apoptosis and relieve nerve damage following ischemia. Calpains not only modulate the caspase cascade positively and negatively during neuronal death, but also regulate synaptic plasticity and neural circuitry (38) . The results of the present study showed a similar trend, in that the expression of calpain-1 was increased following ephrinB2-Fc injection in a dose-dependent manner, but was reduced to a low level at 12 h. This is consistent with the pain behavioral assessments following the intrathecal injection of ephrinB2-Fc: Pain began at 3 h and gradually decreased to normal at 12 h post-injection, during which calpain-1 levels reduced from their highest level to a low level. The level of calpain-1 changed synchronously with the change of pain, which showed that calpain-1 was crucial in the pain response induced by ephrinB2-Fc injection. The administration of MDL28170 (1.0 µg), whether as pre-treatment or post-treatment, relieved the mechanical allodynia and thermal hyperalgesia induced by ephrinB2-Fc injection. In addition, the data indicated a close association between calpain-1 and caspase-3. The levels of calpain-1 and caspase-3 increased in neurons following activation of the ephrinB2/EphB2 signaling pathway, and increased levels of caspase-3 were followed by the upregulation of calpain-1; these increases were inhibited by MDL28170 (1.0 µg) administration. These results suggested that calpain-1 and caspase-3 are key in the development of spinal nociceptive pain, and that caspases and calpains may be involved in neuronal physiology and neurodegenerative disorders via the ephrinB-EphB signaling pathway. These findings suggested that the TPK-ephrinB-EphB signaling pathway is the main upstream target of calpains and caspases during the regulation of neuronal calcium homeostasis. Previous studies have shown that the numbers of neurons, astrocytes and microglia increase during neuropathic pain (39, 40) . To examine which cells mediated the effects observed in the present study, double immunofluorescent labeling was performed, which showed that calpain-1 and caspase-3 were co-localized with NeuN, but not with GFAP or IBA-1, in the spinal cord. This supports the finding that the interaction of calpain-1 and caspase-3 is involved in nociceptive pain in neurons; however, their specific roles require further investigation.
The present study found that the ephrinB/EphB signaling pathway was involved in the processing of nociceptive pain through the interaction of calpains and caspases. However, only calpain-1 and caspase-3 were examined, rather than all subtypes of the two proteins. It was hypothesized that the role of each signaling molecule in the whole network is interrelated, allowing the entire network to maintain a high degree of consistency. Inhibiting one of the interactions in this network results in a change of the entire network. Additionally, synaptic plasticity is likely to be central to this process; however, the function of various molecules and signal pathways were only validated in in vivo experiments. No corresponding in vitro experiment was performed to assess changes in axonal function, which is a limitation of the present study. Follow-up investigations aim to focus on in vitro experiments, to provide further evidence.
Intrathecal injection models and CCI models were used throughout the present study to describe spinal nociceptive and neuropathic pain. Spinal cord nociceptive pain refers to nociceptive pain, including inflammation, crushing, trauma and pathological changes, in the spinal cord when subjected to various external stimuli. Nociceptive pain is the most common type of pain experienced. It develops when the nociceptive nerve fibers are triggered by inflammation, chemicals or physical events, for example stubbing a toe on a piece of furniture (41, 42) . Depending on their timescale, pain can be divided into acute pain and chronic pain. Neuropathic pain is a type of pain syndrome caused by damage to the central or peripheral nervous system (43) , and has become one of the most urgent problems to address. The main features of neuropathic pain include positive symptoms, including progressive pain, paroxysmal pain and tactile allodynia, and unhealthy phenomena, including sensory loss at the site of painful (44) . Predominantly based on chronic pain, neuropathic pain usually continues for 2-3 weeks or longer, leading to permanent damage to the body and psychology to a certain extent. In the present study, normal mice and CCI mice were intrathecally injected with ephrinB2-Fc and EphB2-Fc. The pain caused by ephrinB2-Fc injection differs from neuropathic pain; its duration lasts only ~12 h, and is equivalent to acute pain. The reason for including the CCI model in experiments was mainly to achieve a combination of acute pain and chronic neuropathic pain to better illustrate the role of the ephrinB/EphB signaling pathway in pain, not just neuropathic pain.
In conclusion, the results of the present study demonstrated that calpain-1 and caspase-3 were involved in the generation and maintenance of spinal nociceptive pain. Calpain-1 is upstream of caspase-3 in the signaling pathway, and their interaction in the nociceptive stimulus induced by the ephrinB2/EphB2 signaling pathway occurs via neurons. These findings revealed the role of ephrinB/EphB signaling in the processing of spinal nociception and suggested that calpain-1 may be a novel target for changes in synaptic plasticity during ephrinB/EphB-induced spinal nociceptive pain.
